Hydrogen gas can be produced from fermentation end products such as acetic acid through the electrohydrogenesis process in microbial electrolysis cells (MECs). In many MEC reactors, precious metal catalysts and expensive cation exchange membranes are often used. Here we examine Co-and FeCo-based alternatives to Pt, and compare the performance of an anion exchange membrane with that of a cation exchange membrane (NafionY 117). It is found that these alternative catalysts have 40-80% better performance than uncatalysed surfaces, but they do not equal the performance of Pt based on our electrochemical tests using cyclic voltammetry.
INTRODUCTION
Conventional wastewater treatment is needed to avoid water pollution and to protect human health, but it is not sustainable as advanced treatment technologies are very energy-demanding. Methanogenesis is a very useful process to capture energy from organic matter in the form of methane, but it is less effective for low strength wastewaters or in colder climates. Two new processes being developed to accomplish wastewater treatment that produce a net amount of energy in a useful form are called electrogenesis and electrohydrogenesis, using a nomenclature scheme that follows that used for methanogenesis (Logan 2007) . In the electrogenesis process, exoelectrogenic bacteria are able to release electrons exogeneously (outside the cell) to solid substrates (i.e. a carbon electrode), allowing electricity to be produced in a reactor called a microbial fuel cell (MFC).
The oxidation reaction generated by the bacteria at the anode is sustained through the production of water at the cathode from electrons and protons released by the bacteria, and oxygen. The electrohydrogenesis process is similar except that a small potential must be added into the circuit and no oxygen is used at the cathode. As a result of these changes, hydrogen gas is evolved at the cathode in a reactor called a microbial electrolysis cell (MEC). The process has also been referred to as a bacterial electrolysis cell (BEC) and a bioelectrochemically assisted microbial reactor (BEAMR) (Liu et al. 2005c; Rozendal & Buisman 2005; Rozendal et al. 2006a) . The hydrogen gas that is generated can be collected and used in combustion or fuel cell type system for power generation, or stored and sold as a merchant gas to offset treatment costs.
One limitation of the process is that the precious metal Pt is used on the cathode to enhance the efficiency and rate of hydrogen production. In addition to being expensive, the worldwide supplies of Pt are limited and it is doubtful that doi: 10.2166/wst.2008.617 supplies would be sufficient to meet the needs of high surface-area processes for wastewater treatment. In MFC research, it has been shown that non-precious metal catalysts, such as Co and Fe-based materials, can be used instead of Pt (Zhao et al. 2005; Cheng et al. 2006) . Thus, we wondered if these materials could be used in MECs as less expensive alternatives to Pt. Another limitation of MECs is that a membrane is used to separate the anode and cathode chambers so that hydrogen produced at the cathode does not diffuse back into the anode chamber and get consumed by bacteria. Various types of membranes have been used in MFC tests, including the cation exchange membrane Nafion developed for hydrogen fuel cells and water electrolyzers (Liu et al. 2005c; Rozendal et al. 2006a; Ditzig et al. 2007) , and ion exchange membranes including both cation and anion exchange materials (Rozendal et al. 2007) . The yields of hydrogen and the current densities produced in these studies varied over a large range, and thus it is not possible to determine to what extent the membrane affected these performance parameters compared to other reactor differences such as electrode materials, system architecture or materials. In this study we analysed the electrochemical performance of two Co-and FeC-based catalysts, and compared their performance to Pt and plain carbon electrodes. In addition, we conducted MEC tests with two different membranes under exactly the same conditions to determine whether the type of membrane limited system performance.
METHODS Electrochemical reactors and catalysts
A three-chambered electrochemical cell containing a working electrode (cathode electrode with 0.64 cm 2 projected surface area), a counter electrode (platinum plate with a projected surface area of 2 cm 2 ), and an Ag/AgCl reference electrode (EE009 no leak electrode, Cypress Systems) as previously described (Cheng et al. 2006) . Pt-containing cathodes were made using a commercial Pt catalyst (10 wt % Pt/C, E-TEK) and the same NafionY binder to form a paste (7 mL of binder per mg of Pt/C catalyst). The paste was applied to one side of the wet-proofed carbon cloth 
MECs and membranes
A two-chamber cube-type MFC previously used to examine the effect of membranes on electricity generation and internal resistance (Kim et al. 2007) 
RESULTS AND DISCUSSION

Evaluation of cathode catalysts
The performance of the catalysts was evaluated in terms of two factors. The first was the voltage needed to initiate hydrogen production, as indicated by the flow of current, as shown by point V e in Figure 1a . The smaller the value of V e , the lower the overpotential and thus the more effective the catalyst at driving hydrogen production. The second factor was the slope of the voltammogram when current was produced. As shown in Figure 1b , the catalyst with a steeper slope will more effectively catalyse the production of hydrogen gas by allowing a greater current per applied voltage.
Pt was clearly the most effective catalyst in all tests, as shown in Figure 2 , with the values of V e and V h summarised in Table 1 non-catalysed surface. In tests using non-catalysed surfaces, we found that 0.5 V was needed for H 2 evolution, providing reasonable agreement with these findings (data not shown).
The Co and FeCo catalysts were relatively more effective in increasing the current densities, as shown by values of V h only slightly less than those of the Pt catalysts. We expect that this increase in current density compared to the plain carbon cloth control is primarily a result of the slightly increased surface area resulting from application of the metal compounds. Indeed, the use of high surface area materials for the cathode could be expected to increase overall efficiency of current generation by increasing the current, if not the current density (i.e. the current normalized to the surface area of the electrode).
As a result of these tests, it was concluded that these alternative catalysts can be used to reduce the minimum overpotential needed for hydrogen evolution and that they increased current densities compared to non-catalysed surfaces. The reduction in the value of V e was 17% compared to a non-catalysed surface, and the improvement in V h was 136%. While these results are encouraging, it is recommended that alternatives to Pt continue to be investigated in MECs in order to reduce overall costs of the system.
Performance of MEC with different membranes
At low applied potentials (200 to 600 mV), the H 2 production rates of the two membranes were similar with the AEM producing slightly more hydrogen than the CEM (Figure 3 ).
At the higher applied voltages (.600 mV), the hydrogen production rate continued to increase using the AEM, but the rates did not increase using the CEM. The reasons for this lack of an increase in hydrogen production when using the CEM is not clear. However, it has been shown that Nafion will exchange cations other than protons (Rozendal et al. 2006b; Kim et al. 2007) . This leads to changes in pH that can affect both bacteria in the anode chamber through decreased localised pHs, and performance of the cathode through elevated pH which can reduce the availability of protons and thus limit hydrogen evolution rates. The pH in both chambers at the start of the test were 7, but after a full cycle of operation the bulk pH in cathode chamber increased slightly to 7.1-7.2, and decreased in the anode chamber to 6.7-6.8. These bulk pH values, however, do not necessarily represent the pH values at the surfaces of the electrodes. 
